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EXECUTIVE SUMMARY

This report provides an update of an earlier ECETOC review * of a number of important cthylene
and propylene glycol mono-ethers and di-ethers (glymes). It includes substantial new information
concerning the human health consequences of exposure to this class of chemicals. The report
presents toxicity data profiles for each individual compound.

Glycol mono-ethers are liquids that combine the solubility characteristics of ethers and alcohols
since both functional groups are present. As a result, they are widely used in solvent applications,
including formulations such as paints, inks and cleaning fluids. Non-solvent applications include
uses as anti-icing agents in jet fuel, hydraulic system fluids and as chemical intermediates.

The hazard assessment of several glycol cthers can be based on short-term exposure studies
because long-term exposure have not lead to more severe or different systemic effects. Glycol
cthers have the potential to penetrate the skin (as a liquid or vapour) and this, therefore,
represents a potentially significant route of exposure.

The majority of glycol ethers are of low acute toxicity; the main effect secen in laboratory animals
at high doses is narcosis, typical of many solvents. Some glycol ethers are eye irritants. Overall,
numerous studies with glycol ecthers show that they do not exhibit genotoxic activity. The results
of carcinogenicity studies with glycol ethers arc consistent with this lack of genotoxic activity.

The systemic toxicity of the cthylene-based glycol ethers is mediated by their metabolism to the
corresponding alkoxyacetic acids. Methyl- and ethyl-substituted cthylene glycol cthers can cause
bone marrow depression, testicular atrophy, developmental toxicity, and immunotoxicity in
animals. It should benoted that methyl- and ethyl-cthers of ethylene glycol are not used in
consumer products in Europe. In contrast, the longer chain cthylene glycol ethers (ethylene
glycol butyl ether, -propyl ether, -isopropyl ether and -phenyl ether) do not cause any of these
effects. Toxicity commonly associated with the longer chain homologues involves red blood cell
haemolysis (anaemia), to which humans are resistant. The alkoxyacetic acid metabolites of glycol
cthers are responsible for the haemolysis.

None of the ethylene-bond effects have been observed for the propylene glycol ethers (a-isomers
in commercial products); they are secondary alcohols and cannot be metabolised to their
corresponding alkoxypropionic acids. Propylene glycol ethers are dealkylated to propylene glycol
and then oxidised. The only change observed with propylene glycol ethers is an adaptive liver
response and male rat kidney toxicity, which is not considered relevant to humans.

ECETOC. 1995. The toxicology of glycol ethers and its relevance to man. Technical Report 64. European Centre for
Ecotoxicology and Toxicology of Chemicals, Brussels, Belgium [ISSN-0773-8072-64]
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Reports of a number of effects in humans have been associated with glycol ether exposure, such
as anaemia, granulocytopenia and leukopenia, increased risk of abortion or reduced sperm count
in painters. Many such reports relate to methyl- and cthyl-substituted glycol ethers and are
confounded by simultancous exposures to other chemicals as well as limited information on
exposure levels, which do not allow firm conclusions to be made concerning the contribution of
glycol ethers to the observed effects. The toxicological findings reported to date indicate that,
except for haemolytic anaemia and the liver and kidney effects in long-term studies, the effects
seen in animals are also relevant to humans.

ECETOC TR No. 95 2
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SUMMARY AND CONCLUSIONS

Glycol mono-cthers are liquids that combine the solubility characteristics of ethers and alcohols
since both functional groups are present inthe molecule. They are therefore widely used in
solvent applications, including formulations such as paints, inks and cleaning fluids. Non-solvent
applications include uses as anti-icing agents in jet fuel, hydraulic system fluids and as chemical
intermediates.

The majority of glycol ethers are of low acute toxicity. Clinical signs of acute intoxication in
animals arc consistent with non-specific depression ofthe central nervous system, which is
typical of many solvents. Lethargy and haemoglobinuria have been observed in glycol ethers that
produced haemolysis in rodents. Although some glycol ethers are irritant to the eye, most are not,
and none are appreciably irritant to the skin on acute exposure. As with other solvents, prolonged
or repeated skin exposure may lead to a severe skin irritation. It is recognised that the glycol ether
class lacks specific determinants for either genotoxicity or carcinogenicity. Negative results
obtained in conventional genotoxicity assays, both in vivo and in vitro , confirm the lack of
genotoxic activity for this class of solvents. Some glycol ethers have been tested in life-time
studies inrats and mice, including ethylene glycol ethyl ecther, ethylene glycol n-butyl ether,
diethylene glycol ethyl ether, 2-propylene glycol 1-methyl ether and propylene glycol rerz-butyl
cther. However, the tumour responses seen in these cases were probably caused by mechanisms
that are species-specific or reflect a mode of action to which humans are resistant. Overall, glycol
cthers do not pose a significant genotoxic or carcinogenic risk to humans.

For the ethylene-based glycol ethers, the major route of metabolism is via alcohol and aldehyde
dehydrogenases to the corresponding alkoxyacetic acids. A secondary route involves
O-dealkylation to cthylene glycol and its oxidation metabolites. The metabolism of propylene-
based glycol ethers varies with the isomer type. The a-isomers, which are used commercially,
cannot be oxidised to acids, and O-dealkylation by microsomal cytochrome P450 (CYP) is the
predominant route of metabolism. The minor impurity B-isomers are, like the ethylene glycol
cthers, substrates for alcohol and aldehyde dehydrogenases, producing the corresponding
propoxyacetic acids. They may also undergo O-dealkylation. This explains the main difference in
the toxicities of the ethylene-based and propylene-based glycol ethers.

Within the ethylene-based series, the short chain ethers, including methyl- and ethyl-ethers of
ethylene glycol and their acetates, show different toxicity effects from the higher propyl and butyl
homologues. Methyl- and ethyl-substituted ethylene glycol ethers and derivatives have been
shown to cause bone marrow depression, testicular atrophy, developmental toxicity, and
immunotoxicity in animals. The toxicological effects observed are due to the alkoxyacetic acid
metabolites, methoxyacetic acid and ecthoxyacetic acid, which show relatively slow excretion
rates especially in larger animals. In contrast, the longer chain ethylene glycol ethers (ethylene
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glycol butyl ether, -propyl ether, -isopropyl ether and -phenyl ether) do not cause these effects
because methoxyacetic and ethoxyacetic acid are not formed. Methyl and ethyl ethers of ethylene
glycol are not used in consumer products in Europe.

The toxicity commonly associated with the longer chain ethylene-series homologues involves red
blood cell haecmolysis with secondary effects relating to this hacmosiderin accumulation in the
spleen, liver and kidney, and a compensatory haematopoicsis displayed in bone marrow. Ethylene
glycol butyl ether, the most studied in this series, produces haemolytic anaemia in rats, rabbits
and mice, showing greater sensitivity than other species, including guinea pigs. Those glycol
cthers that cause haemolytic effects are more toxic than the other glycol ethers in respective
susceptible species. Humans exhibit a resistance to glycol ether-induced haemolytic anaemia.

The toxicity of the propylene glycol ethers with the alkoxy group at the primary position
(o-isomers, main isomers found in commercial products) is quite different from that of the
cthylene glycol ethers. These ethers cannot be metabolised to their corresponding
alkoxypropionic acids. None ofthe effects mentioned above have been reported and the only
evidence of toxicity istowards liver and kidney. Inthe case of propylene glycol methyl ether,
developmental effects have been reported when the primary position is occupied by a hydroxyl
group (B-isomer). The B-isomer is not produced as a commercial product, and is found as a minor
component (< 0.5%) of commercial propylene glycol methyl ether.

Target organ toxicity for the lower molecular weight cthylene-series glycol ethers in animals has
been related to the extent of formation of methoxyacetic acid or ethoxyacetic acid, which may
affect one or more of testes, bone marrow, thymus or developing offspring. For example,
administration of ethylene glycol methyl ether inrats produces thymic and testicular atrophy,
lymphocytopenia, and neutropenia with a near complete failure of blood cell precursor
development in the bone marrow. Methoxypropionic acid has also been shown to produce
developmental effects. With the exception of the developmental toxicity, these adverse effects are
reversed upon removal of exposure. Insharp contrast, ethylene glycol butyl cther does not
produce these effects, but produces haemolytic anaemia in rodents, accompanied by a
compensatory bone marrow hyperplasia. Butoxyacetic acid has been shown to induce haemolysis
in several animal species. An exception inthe ethylene glycol ether series is cthylene glycol
phenyl ether (phenoxyethanol), which is a more potent haemolytic agent (in the rabbit) than its
metabolite, phenoxyacetic acid.

The liver has frequently shown an increased weight, in the absence of significant pathological
change, following high doses of ethylene- and propylenc-series glycol ethers. This has been
interpreted as an adaptive change. Kidney weight changes and histopathological changes have
been identified following dipropylene glycol ethyl ether and 2-propylene glycol methyl ether
administration. These changes are associated with the accumulation of a,-globulin in the case of
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2-propylene glycol 1-methyl ether only in male rats. Based on information from several other
hazard assessments of chemicals, they are considered not to be relevant for humans. This is also
most likely the case for dipropylene glycol ethyl cther, but definitive analytical confirmation is
not available.

The hazard assessment of several glycol cthers can be based on systemic changes found in short-
term exposure studies, such as haematological effects and organ weight changes. These effects do
not appear to increase instudies oflong-term duration. This observation, together with the
overall absence of genotoxic effects, indicates that long-term exposure is unlikely to lead to more
severe or different effects. Inthe specific case of ethylene glycol butyl ether, hepatic oxidative
stress due to haemolysis has led to tumours following lifetime exposure. Repeated oral dosing of
cthylene glycol butyl ether in mice resulted in irritation ofthe forestomach. Irritation has also
been observed in inhalation studies, probably due to oral ingestion from grooming and muco-
ciliary transfer, which progressed to hyperplasia and forestomach tumours on prolonged exposure
in a cancer bioassay.

Glycol ethers have the potential to penetrate the skin and this, therefore, represents a potentially
significant route of exposure. In studies conducted in animals, dermal exposures result in
toxicities similar to those following oral administration. Some comparative in vitro data show that
the degree of penetration varies with chemical structure, with the rate decreasing with increasing
molecular weight. Recent studies with ethylene glycol butyl ether indicate that dermal absorption
from the vapour phase is a minor but not insignificant component of total systemic exposure.

Systemic health effects in humans have been reported to be associated with exposures to ethylene
glycol methyl ether, ethyl ether and their acetates and also dicthylene glycol dimethyl ether based
on evaluation of worker populations and casc reports. Ethylene glycol methyl and ethyl ethers
exposure has been associated with anaemia, granulocytopenia and leukopenia. All such reports of
human related effects are confounded by simultancous exposures to other chemicals as well as
limited information of exposure levels. The number of observations and the limited information
on the level of exposure do not allow firm conclusions to be made concerning the contribution of
glycol ethers to the observed effects. Although the available literature concerning human
exposures to cthylene glycol methyl ether, -ethyl ether and the acetates do not provide conclusive
evidence, the data reported to date indicate that, with the exception of haemolytic anaecmia and
the liver and kidney changes seen in some of the carcinogenicity bioassay studies, effects seen in
animals are likely to be relevant to humans.

Several epidemiological studies have investigated the possible association between exposure to
glycol ethers and aspects of the male and female reproductive system. Some of these studies have
found increased risks in workers exposed to glycol ethers. However overall conclusions are
difficult to draw because ofthe strong inter-correlation between exposure to other agents, the
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possibility of recall bias and the variety of endpoints investigated. Further epidemiological studies
are needed to confirm or refute these findings.

Overviews of the hazards and available data on glycol ethers are presented in Table 2 and 3. The
toxicological information on individual glycol ethers is detailed in their substance profiles
(Section 4.1 to4.44). The following abbreviations are used for the names of glycol ether
compounds (Table 1).

ECETOC TR No. 95 6
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Table 1: List of glycol ethers and abbreviations

Abbreviation

Name

Ethylene-based

DEGBE
DEGBEA
DEGDEE
DEGDME
DEGEE
DEGEEA
DEGHE
DEGME
EGBE
EGBEA
EGDEE
EGDME
EGEE
EGEEA
EGHE
EGiPE
EGIiPEA
EGME
EGMEA
EGnPE
EGnPEA
EGPhE
MAA
TEGBE
TEGDME
TEGEE
TEGME

Diethylene glycol butyl ether

Diethylene glycol (mono) n-butyl ether acetate
Diethylene glycol diethyl ether

Diethylene glycol dimethyl ether

Diethylene glycol (mono) ethyl ether
Diethylene glycol ethyl ether acetate
Diethylene glycol (mono) hexyl ether
Diethylene glycol (mono) methyl ether
Ethylene glycol (mono) n-butyl ether
Ethylene glycol (mono) n-butyl ether acetate
Ethylene glycol diethyl ether

Ethylene glycol dimethyl ether

Ethylene glycol ethyl ether

Ethylene glycol (mono) ethyl ether acetate
Ethylene glycol (mono) n-hexyl ether
Ethylene glycol (mono) isopropyl ether
Ethylene glycol (mono) isopropyl ether acetate
Ethylene glycol (mono) methyl ether
Ethylene glycol (mono) methyl ether acetate
Ethylene glycol (mono) n-propyl ether
Ethylene glycol (mono) n-propyl ether acetate
Ethylene glycol (mono) phenyl ether
Methoxyacetic acid *

Triethylene glycol (mono) n-butyl ether
Triethylene glycol dimethyl ether

Triethylene glycol (mono) ethyl ether
Triethylene glycol (mono) methyl ether

Propylene-based

IPG2ME
IPG2ZMEA
2PGIBE
2PGIEE
2PGIEEA
2PGIME
2PGIMEA
2PGIPhE
DPGBE
DPGEE
DPGME
DPGPE
DPGTBE
PGPE
PGTBE
TPGBE
TPGME

1-Propylene glycol 2-methyl ether
1-Propylene glycol 2-methyl ether acetate
2-Propylene glycol 1-n-butyl ether
2-Propylene glycol (mono) 1-ethyl ether
2-Propylene glycol 1-ethyl ether acetate
2-Propylene glycol 1-methyl ether
2-Propylene glycol 1-methyl ether acetate
2-Propylene glycol 1-phenyl ether
Dipropylene glycol (imono) n-butyl ether
Dipropylene glycol (inono) ethyl ether
Dipropylene glycol (imono) methyl ether
Dipropylene glycol (imono) propyl ether
Dipropylene glycol fert-butyl ether
Propylene glycol n-propyl ether
Propylene glycol fert-butyl ether
Tripropylene glycol (mono) n-butyl ether
Tripropylene glycol (mono) methyl ether

# Not a glycol ether, but has similar toxicity

ECETOC TR No. 95
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Table 2: Summary of hazards * posed by glycol ethers

Section Compound CAS b Haemolysis Haematopoietic = Testicular Reproductive Developmental Immuno- Geno- Carcinogenicity  Other effects
number toxicity toxicity toxicity toxicity toxicity toxicity
Ethylene-series
4.1 EGME 109-86-4 -ve +ve +ve +ve +ve + -ve No data CNS “/behavioural
effects
4.2 EGMEA 110-49-6 -ve +ve +ve +ve (limited data) +ve + -ve No data
43 EGDME 110-71-4 No data No data +ve +ve +ve Nodata  -ve No data CNS/behavioural
effects
4.4 DEGME 111-77-3 -ve -ve +ve No data +ve (weak) -ve -ve No data
4.5 DEGDME  111-96-6 -ve +ve +ve +ve +ve Nodata  -ve No data
4.6 TEGME 112-35-6 -ve -ve -ve No data -ve Nodata  -ve No data
4.7 TEGDME  112-49-2 -ve -ve +ve +ve +ve (+ve) No data No data
4.8 MAA? 625-45-6 -ve +ve +ve +ve +ve + -ve No data
4.9 EGEE 110-80-5 -ve +ve +ve No data +ve -ve -ve -ve (limited data)
4.10 EGEEA 111-15-9 -ve +ve (limited data) +ve +ve +ve -ve -ve No data
4.11 EGDEE 629-14-1 -ve No data No data No data +ve -ve No data No data
4.12 DEGEE 111-90-0 -ve —-ve +ve -ve —-ve -ve -ve No data
4.13 DEGEEA 112-15-2 No data No data No data No data No data Nodata  -ve No data
4.14 DEGDEE  112-36-7 No data No data No data No data -ve Nodata  No data No data
4.15 TEGEE 112-50-5 -ve -ve -ve No data -ve Nodata  No data No data
4.16 EGiPE 109-59-1 +ve —-ve -ve No data —-ve Nodata  -ve No data
4.17 EGiPEA 91598-97-9  No data No data No data No data No data Nodata  No data No data
4.18 EGnPE 2807-30-9 +ve —-ve -ve No data -ve Nodata  No data No data
4.19 EGnPEA 20706-25-6  +ve -ve -ve No data -ve Nodata  No data No data
4.20 EGPhE 122-99-6 +ve(rabbits) -ve -ve -ve -ve No data  -ve No data
ECETOC TR No. 95 8



The Toxicology of Glycol Ethers and its Relevance to Man

Table 2: Summary of hazards * posed by glycol ethers (cont'd)

Section Compound CAS” Haemolysis Haematopoietic Testicular Reproductive  Developmental Immuno- Geno- Carcinogenicity  Other effects

number toxicity toxicity toxicity toxicity toxicity toxicity

Ethylene-series (cont'd)

100 9511000 wopsald

421 EGBE 111-76-2 +ve -ve —-ve -ve —-ve -ve —-ve t

4.22 EGBEA 112-07-2 +ve -ve ~ve (limited data) No data No data No data No data No data
4.23 DEGBE 112-34-5 -ve -ve —-ve —-ve -ve No data —-ve No data
4.24 DEGBEA  124-17-4 +ve -ve No data No data No data No data No data No data
4.25 TEGBE 143-22-6 -ve -ve —-ve No data -ve No data No data No data
4.26 EGHE 112-25-4 -ve -ve —-ve No data -ve No data -ve No data
4.27 DEGHE 112-59-4 -ve -ve No data No data No data No data —-ve No data

Propylene-series

4.28 2PGIME 107-98-2 -ve -ve —-ve —-ve —-ve -ve —-ve -ve
429 2PGIMEA  108-65-6 —-ve -ve —-ve —-ve —-ve No data —-ve No data
430 1PG2ZME 1589-47-5 —-ve -ve —-ve No data +ve No data —-ve No data
431 1PG2MEA  70657-70-4  —ve -ve -ve No data +ve No data No data No data
432 DPGME 34590-94-8  —ve -ve —-ve No data —-ve No data —-ve No data
433 TPGME 25498-49-1  —ve -ve —-ve No data —-ve No data —-ve No data
434 2PGI1EE 1569-02-4 -ve -ve —-ve No data —-ve No data —-ve No data
435 2PGI1EEA  54839-24-6  -ve -ve -ve No data No data No data —-ve No data
436 DPGEE 30025-38-8  —ve -ve —-ve -ve No data No data —-ve No data
437 PGPE 1569-01-3 -ve -ve —-ve No data —-ve No data —-ve No data
438 DPGPE 29911-27-1  —ve -ve -ve No data No data No data —-ve No data
439 2PGIPhE  770-35-4 —-ve -ve -ve No data No data No data —-ve No data
440 2PGI1BE 5131-66-8 -ve -ve —-ve No data —-ve No data —-ve No data

* Not a glycol ether, but has similar toxicity

ECETOC TR No. 95
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Table 2: Summary of hazards * posed by glycol ethers (cont'd)

Section Compound CAS b Haemolysis Haemato-poietic Testicular Reproductive Developmental Immuno- Geno- Carcinogenicity  Other effects
number toxicity toxicity toxicity toxicity toxicity toxicity
Propylene-series (cont'd)

441 DPGBE 29911-28-2  -ve -ve -ve No data —-ve No data -ve No data

4.42 TPGBE 55934-93-5  —ve -ve -ve No data No data No data -ve No data

4.43 PGTBE 57018-52-7  —ve —-ve -ve —-ve —-ve No data -ve +ve

4.44 DPGTBE 132739-31-2  —ve -ve -ve No data No data No data -ve No data

* —ve, negative: no effects, +ve, positive: effects on organ or system; #, equivocal; (~ve ) or (+ve), insufficient data

® Chemicals Abstracts Service

¢ Central nervous system

ECETOC TR No. 95 10
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Table 3: Summary of available ® data on glycol ethers

Section Compound CAS number  Acute toxicity Irritation Sensitisation Reproductive Developmental Repeated-dose Genotoxicity Carcinogenicity Other "

toxicity toxicity toxicity

Ethylene-series
4.1 EGME 109-86-4 + + - + + + + - K/M, N, Im, H
42 EGMEA 110-49-6 + + - - + (limited) + (limited) + - Im, H
43 EGDME 110-71-4 + (oral) - - - + + (limited) + (limited) - K/M, N
44 DEGME 111-77-3 + + - - + + - Im
4.5 DEGDME 111-96-6 + + + + + + + - K/M, H
4.6 TEGME 112-35-6 + - - - + + + - K/M, N
4.7 TEGDME 112-49-2 + (oral) - - + + + - -
48 MAA ¢ 625-45-6 + + (skin) - + + + + - K/M, Im, H
49 EGEE 110-80-5 + + - + + + + + (limited) K/M, N, Im, H
4.10 EGEEA 111-15-9 + + + + + + + - K/M, Im
4.11 EGDEE 629-14-1 + + - - + + (limited) - - K/M
4.12 DEGEE 111-90-0 + + - + + + + (limited) K/M, H
4.13 DEGEEA 112-15-2 + + + - - - -
4.14 DEGDEE 112-36-7 + (oral) + (eye) - - + + (limited) - -
4.15 TEGEE 112-50-5 + + - - + + - - K/M
4.16 EGiPE 109-59-1 + + + - + + + - K/M
4.17 EGiPEA 91598-97-9 - - - - - - - -
4.18 EGnPE 2807-30-9 + + + - + + - - K/M, N
4.19 EGnPEA 20706-25-6 + + + - + + - - K/M
420 EGPhE 122-99-6 + + + + + + - K/M
421 EGBE 111-76-2 + + + + + + K/M, N, Im, H
422 EGBEA 112-07-2 + + - - - + (limited) - - H
ECETOC TR No. 95 11
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Table 3: Summary of available ° data on glycol ethers (cont'd)

Section Compound CAS number  Acute toxicity Irritation Sensitisation Reproductive Developmental Repeated-dose Genotoxicity Carcinogenicity Other "

toxicity toxicity toxicity

423 DEGBE 112-34-5 + + + + + + + . K/M, N, H
424 DEGBEA 124-17-4 + + - - - + (limited) - - K/M
425 TEGBE 143-22-6 + + - - + + (limited) - - K/M
4.26 EGHE 112-25-4 + + - - + + + .
4.27 DEGHE 112-59-4 + + - - - + (limited) + -

Propylene-series
428 2PGIME 107-98-2 + + + + + + + + K/M, N, H
4.29 2PGIMEA  108-65-6 + + + - + + (limited) + . KM
4.30 IPG2ZME 1589-47-5 + + - - + + + - K/M
431 IPG2MEA  70657-70-4 + + - - + + . .
432 DPGME 34590-94-8 + + + - + + + , K/M
4.33 TPGME 25498-49-1 + + - - + + + .
4.34 2PGIEE 1569-02-4 + + - - + + + .
4.35 2PGIEEA  54839-24-6 + + + - - + + .
4.36 DPGEE 30025-38-8 + + + + - + + . K/M, N
437 PGPE 1569-01-3 + + - - + + + .
4.38 DPGPE 29911-27-1 + + - - - + + .
4.39 2PGIPhE  770-35-4 + + - - - + + . K/M
4.40 2PGIBE 5131-66-8 + + + - + + + - K/M
4.41 DPGBE 29911-28-2 + + + - + + + , K/M
4.42 TPGBE 55934-93-5 + + + - - + + .
443 PGTBE 57018-52-7 + + + + + + + + K/M
4.44 DPGTBE 132739-31-2 + + + - - + + . K/M, N

®+, data are available; -, no data are available
® Abbreviations: K/M, kinetics; N, neurotoxicity; Im, immunotoxicity; H, human data
¢ Not a glycol ether, but has similar toxicity

/100 9511000 wopsald
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Recommendations for further work

Several glycol ethers are part ofthe International Council of Chemical Associations (ICCA)
programme on High Production Volume chemicals, which requires abase set ofdata tobe
available onall chemical substances registered onthe ICCA tracking system. Glycol ethers
covered in several submissions that have been developed for the ICCA programme are: cthylene
glycol phenyl ether, ethylene glycol propyl ether, cthylene glycol n-hexyl ether, diethylene glycol
cthyl cther, diethylene glycol hexyl ether, ethylene glycol butyl ether acetate, diethylene glycol
butyl cther acetate, tricthylene glycol butyl ether, propylene glycol butyl ether and propylene
glycol phenyl ether. The reports have been submitted to the US-EPA and OECD for review.

The overall evaluation of these compounds indicates certain knowledge gaps and the need to:

» Develop biological action levels for ethylene glycol methyl ether and/or methoxyacetic acid
that are based on biomonitoring data and which will help control dermal exposure situations.
This would be based on the no-observed adverse effect level for methoxyacetic acid, which
may require more data to derive a definitive value.

* Determine the role of haemolytic anaemia in inducing oxidative stress that could lead to
toxicological effects, especially in the liver.

» Further validate biological monitoring methods, focusing on the relationship of biological
cffects to airborne exposure values.

* Obtain exposure and/or use data from downstream users and consumer groups covering both
qualitative (for example frequency, duration and control measures used) and quantitative
determinants that address personal air measurements and biological monitoring.
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1. INTRODUCTION

This report collects and assesses available toxicity and human health related information on
selected ethylene and propylene glycol mono-ethers and di-ethers (glymes) that are of regulatory
and/or commercial interest. It provides a critical update of a previous ECETOC (1995) review,
published as Technical Report No. 64° and identifies gaps in knowledge and proposals for
research.

Following an overview of production and use (Section 1.2), the report presents an evaluation of
the toxicity database (Section 2) and significant new information on human exposure
(Section 3.1) of glycol ethers. The available information on adverse human health effects is
discussed in Section 3.2, followed by an overview of current occupational exposure limit (OEL)
values (Section 3.3). Individual toxicity data profiles are presented for each ofthe cthylene
glycol ethers in Section 4.1 to4.27, and for propylene glycol ethers in Section 4.28 to 4.44.
Abbreviated names of compounds are given in Table 1 above; special abbreviations are listed at
Appendix A.

1.1 Conversion factors and physico-chemical properties

Conversion factors for concentrations in air at standard conditions (20°C and 1,013 hPa) are
given for each compound (toxicity profile) in Section 4. The generic formula is given in
Appendix B. In this report, converted values are given in parentheses. The relative density (D)
ofa compound (compared to that of water at4°C = 1,000 kg/m’)is given as required. Data on
the physico-chemical properties of each compound are given atthe above standard conditions,
unless stated otherwise.

1.2 Production and use

1.2.1 Manufacture of ethylene-series glycol ethers

Ethylene glycol mono-ethers are produced in closed continuous processes by reacting ethylene
oxide with an anhydrous alcohol (usually methyl, ethyl or butyl alcohol). Temperature, pressure,
reactant molar ratios and catalysts are sclected to yield the required product mix. For example,
high ratios of alcohol to ethylene oxide are used when ethers of mono-cthylene glycol are
manufactured, whereas lower ratios favour the production of diethylene-, tricthylene- and higher
glycol ethers. Although most dicthylene- and tricthylene glycol mono-methyl ethers are
co-produced in situ with the corresponding mono-ethylene glycol ether, they can also be made

? That in itself updated earlier ECETOC reviews from 1982 and 1985.
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through the specific reaction of ethylene oxide with anisolated ethylene glycol mono-cther.
Because of the large difference in boiling points, mixtures of glycol ethers are typically separated
by distillation.

The cthylene-series glycol ether acetates are produced by the reaction of glycol ether and acetic
acid in the presence of a catalyst. The reaction is carried out at elevated temperature followed by
separation and purification and is carried out in either a batch or continuous mode.

1.2.2 Manufacture of propylene-series glycol ethers

Production of propylene glycol mono-ethers follows the generalised scheme described above for
cthylene-series products. They are produced by the catalysed reaction of propylene oxide and an
alcohol. As a result, propylene glycol mono-alkyl ethers are the primary products, with some di-
and tri-propylene glycol mono-alkyl ethers formed from the further reaction of the mono-alkyl
cther with excess propylene oxide. However, while reaction kinetics favour the production of 1-
alkoxy-2-propanol (secondary or a-isomer), trace amounts of the corresponding 2-alkoxy-1-
propanol (primary or B-isomer) are also formed. By further manipulating the reaction conditions,
the proportion of a-isomer can be increased to 99% or more of the final stream. The process can
be carried out either in a batch or continuous mode.

The propylene-series glycol ether acetates are produced by the reaction of glycol cther and acetic
acid in the presence of a catalyst. The reaction is carried out at elevated temperature followed by
separation and purification and is carried out in either a batch or continuous mode.

1.2.3 Uses

Glycol mono-ethers combine the solubility characteristics of ethers and alcohols since both
functional groups are present in the molecule. They are therefore widely used in solvent
applications, including formulations such as paints, inks and cleaning fluids. Non-solvent
applications include uses as anti-icing agents in jet fuel, hydraulic system fluids and as chemical
intermediates.

Total use of glycol ecthers in western Europe during 1999 was 422 kt. This volume comprised
233 kt for the ethylene-series and 189 kt for the propylene-series (Chinn et a/, 2000) (Table 4).
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Table 4: Western Europe consumption of glycol ethers by end-use in 1999

% kt
Ethylene-series 233
Brake fluids 27
Surface coatings (as glycol ethers) 29
Surface coatings (as glycol ether acetates) 12
Pesticides, printing inks, jet fuel additives 6
Industrial cleaners 4
Other 21
Propylene-series 189
Surface coatings (as glycol ethers) 32
Surface coatings (as glycol ether acetates) 24
Leather, pesticides, electrical, industrial cleaners, resins 23
Printing inks 12
Other 9
Total: 422

# Chinn et al, 2000

A number of glycol ethers are worthy of specific mention due to their specific usage patterns.

Four commercially available glycol ethers have shown reproductive and developmental effects in
laboratory animals. These are ethylene glycol ethyl ether (EGEE) and ethylene glycol methyl
ether (EGME) and their acetates (EGEEA and EGMEA). The usage of these materials is
restricted to jet fuel de-icing and pharmaceutical production. Sales of products containing these
substances to the general public are forbidden in the EU (INSERM, 1999).

Diethylene glycol methyl ether (DEGME) is mainly used as an anti-icing fluid in jet fuel and a
chemical intermediate, a processing solvent and as a solvent in paints and floor polishes.
Diethylene glycol butyl ether (DEGBE) is used as a solvent in paints, dyes, inks, detergents and
cleaners. Both DEGME and DEGBE have undergone risk assessment inthe EU under the
Existing Substances Regulation and the uses of these materials are subject to appropriate controls
(European Chemical Bureau, 2000, 2001).

Glymes (glycol dicthers) are specialised materials used ina variety of industrial processes as
solvents, in chemical reactions involving metals, inorganic salts and organo-metallics (Ferro,
2002).

Methoxy acetic acid (MAA) is a specialised substance used mainly in the production of
pharmaceuticals where it is used to separate racemic mixtures.
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2. TOXICOLOGICAL OVERVIEW

2.1 Acute toxicity

Oral

The acute oral toxicity of many glycol ethers and their acetates has been studied extensively; they
generally exhibit alow to moderate order of acute oral toxicity inrodents. Inthe majority of
cases, LDsy values are greater than 2,000 mg/kgbw, excluding those compounds that produce
haemolysis (Section 2.3.1 below). Much ofthe data are historical and this makes quantitative
comparison of glycol ether toxicity difficult because of inter- and intra-laboratory variations.

An carly study by Smyth er al (1941) is supported by a more recent and comprehensive
comparative research programme on nine glycol ethers in mice and rats (Krasavage and Terhaar,
1981a). The study was performed according to good laboratory practice (GLP) standards and
provides the most definitive data on the comparative acute oral toxicity of ethylene and
diethylene glycol ethers. The acute toxicity of mono-ethylene glycol mono-ethers was generally
higher than that of the corresponding dicthylene glycol mono-cthers in both rats and mice, while
systemic toxicity was greater inrats than in mice. Generally, within cach series of ethylene and
diethylene glycol ethers, the toxicity of the compound increased with increasing molecular
weight; those materials causing significant haemolysis (EGBE, EGPhE) showed more marked
acute toxicity inrodents. LDsy values were generally higher infed animals than in starved
animals. Clinical signs of toxicity included inactivity, laboured breathing, rapid respiration,
anorexia, slight to moderate weakness, tremors, prostration and death.

The available data indicate that propylene or dipropylene glycol ethers are less toxic by the oral
route in rats than the corresponding ethylene or diethylene glycol ethers. The primary ethers of
propylene glycol are considered to be less toxic than the secondary ethers.

Dermal

Glycol cthers and their acetates generally exhibit a low to moderate order of acute dermal toxicity
in laboratory animals. Inthe majority of cases, the acute dermal LDs values are greater than
2,000 mg/kgbw, although a moderate order of dermal toxicity is exhibited by EGBE, EGBEA and
EGiPE. Studies in vitro with excised human skin have demonstrated that glycol cthers penetrate
the cutancous barrier at different rates of flux. The rate of penetration within the mono-cthylene
glycol series was inversely related to alcohol chain length. Diethylene glycol mono-cthers
penetrated less rapidly than their mono-cthylene counterparts.
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Inhalation

Acute inhalation toxicity data for a number ofglycol cthers show arange oftoxic responses.
Glycol ethers of relatively low volatility (typically di-, triethylene and propylene glycol ethers)
have a low order of acute inhalation toxicity and laboratory animals appear able to tolerate acute
exposures to saturated vapour with little or no adverse toxicological effects.

Moderate toxicity is seen in animals ecxposed by inhalation to EGME, EGEE and EGBE.
Testicular damage has been observed after acute inhalation exposure to EGME or EGEE.
Haemolytic effects were observed inrats exposed to EGBE by inhalation; rats are particularly
sensitive to EGBE induced haemolysis, whercas humans are more resistant to this effect. In
general, the propylene glycol based mono cthers do not exhibit haemolytic or testicular toxicity
on acute inhalation exposure. Depression of the CNS and increased liver weight has been
reported in rodents exposed to high vapour concentrations.

2.2 Irritation and sensitisation

Skin irritation

The majority of glycol ethers do not cause significant skin irritation upon acute exposure;
however, severe irritation has been associated with prolonged or repeated skin contact.

Eye irritation

Standard laboratory eye irritation tests have yielded a range of responses following single
exposure to the undiluted test material. Many of the glycol cthers caused slight to moderate eye
irritation, typically conjunctival redness and swelling. A number of compounds, primarily the
higher alkyl derivatives (EGPhE, DEGDEE, EGiPE, EGnPE, PGBE, EGBE, DEGBE, TEGBE
and EGHE) induced more marked eye irritation. Some studies have reported tissue damage and
corneal injury with recovery following removal ofthe test compound. Secverity ofthe eye
irritation was reduced by dilution of the glycol cther in water.

Skin sensitisation

Data available from a limited number of studies indicate that glycol ethers are not skin sensitisers.
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2.3 Repeated-dose toxicity

Glycol ethers have been extensively investigated for their specific toxicity profiles and target
organs following repeated administration. Studies have been conducted in a variety of laboratory
animal species, by different routes of exposure and exposure durations.

Generally, the target organs and toxicity profiles ofall glycol ethers are detectable shortly after
administration. Many effects arc notable after single exposure. There is minimal difference
between the effects following subacute (up to 28 days) and subchronic (up to 90 days) exposure,
cither in qualitative or in quantitative terms. Administration routes arc of minor importance for
the effects observed.

There are few species differences in response to glycol ethers. The most important differences are
the lack of haemolytic effects of EGBE and its metabolite 2-butoxyacetic acid (BAA) in humans,
in contrast to rodents, and the greater sensitivity of rats than mice to immunotoxicity of EGME
and MAA. Short chain alkoxy acetic acids (MAA, ecthoxyacetic acid [EAA]) and
methoxypropionic acid (MPA) are excreted more slowly in larger organisms, including humans,
than inrodents.  The significance of'this difference in species sensitivity is not known. The
climination rate of the alkoxy acetic acids in rabbits is slower than inrats; this might be a factor
in the more pronounced effects in rabbits compared to rats (EGME, 1PG2ME).

A limited number of glycol ethers can cause adverse cffects in the bone marrow and the germinal
epithelium of the testes. These are: EGME, EGMEA, EGEE, EGEEA, EGDME and DEGDME.
In the case of IPG2ME, data on the rabbit, a sensitive specics, are not available and hence no
overall conclusion can be drawn. Biotransformati on to their respective metabolites is responsible
for all their specific effects. The same compounds are also selectively toxic to the foetus. All
other glycol ethers do not exert such effects. Furthermore EGME, but not EGEE, exerts a specific
CNS effect (loss of avoidance-escape response), which has been observed in humans and in
animal models, most likely mediated by the metabolite MAA.

Ethylene glycol ethers of medium chain length (EGPE, EGBE and their acetates; to some extent
also EGPhE) may cause haemolytic effects in rodents, but not in humans. For EGBE, the
metabolite BAA was shown to be responsible for this effect. In the specific case of EGPhE, itis
considered to be the parent compound and not a metabolite that causes haemolysis.

2.3.1 Effects on the haematopoietic system and the peripheral blood

Two distinctly different types of haematological ecffects have been observed with glycol cthers,
depending on their chain length.
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EGME, EGEE and their acetate esters exert detrimental effects on the haematopoietic system in
the bone marrow (blood cell formation) and cause a deficiency ofall cell elements (red and
white) of haematopoiesis (generalised pancytopenia) in rats, mice and rabbits. Similar effects are
also observed with EGDME and DEGDME. The toxicity to the haematopoietic system is
observable in all species investigated, including humans. 1PG2ME does not cause adverse effects
inrats or mice, but data in rabbits, which arc generally considered a more sensitive species, are
not available.

The cellular damage is characterised by a reduction in both myeloid and erythroid elements and
in mega-karyocytes. Haematology findings in mice, rats and rabbits suggest that EGEE is less
potent than EGME and EGMEA. Significant effects on the haematopoietic system have not been
reported for the ethers of triecthylene glycol.

In contrast, EGnPE, EGiPE, EGBE, EGBEA and EGPhE exert detrimental effects only to mature
peripheral RBCs; the erythrocyte membranes show increased osmotic fragility and are subject to
intravascular lysis. Secondary changes may occuras aresult of intravascular haemolysis. The
haemolytic effect does not directly affect the white blood cell (WBC) count and is species-
specific (mice, rats and rabbits show haemolysis; guinea pigs are more resistant): it does not
occur in humans.

In vitro investigations with EGBE and BAA including human erythrocytes showed both the
mediation of the EGBE effects by BAA and the resilience of human erythrocytes towards BAA
even at high concentrations. This low sensitivity to haemolysis was also shown for erythrocytes
from humans with certain congenital blood defects, such as sickle cell anaemia. Young rats
appear to be less sensitive to EGBE- (BAA-) induced haemolysis than adult rats because old rats
also tend to have a higher number of old erythrocytes that are more susceptible to haemolysis
than younger erythrocytes. When, after the first administration(s), old erythrocytes are replaced
by younger erythrocytes, rats become less sensitive and higher doses arc needed to induce
haemolysis. DEGBE does not show haemolytic activity; furthermore, no haematological effects
have been reported in the more limited studies conducted with TEGBE.

EGPhE may cause haemolytic anaemia inrabbits exposed orally orvia the skin. Increased
erythrocyte fragility and signs of intravascular haemolysis are similar to the effects reported for
EGBE, although in this case rats appear to be less susceptible than rabbits (EGPhE). In contrast to
EGBE, the metabolism of EGPhE to phenoxyacetic acid (PhAA) produces a less potent
haemolytic agent, which may explain, in part, the observed species difference.

Propylene glycol mono-ethers (2-propylene glycol 1-methyl ether [2PGIME], 2-propylene glycol
1-ethyl ether [2PG1EE], 2-propylene glycol 1-n-butyl ether [2PGI1BE] and 2-propylene glycol
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I-phenyl ecther [2PGIPhE]) neither exhibit adverse effects on haematopoiesis nor produce
haemolytic anaemia.

Evaluation

In summary, low molecular weight ethylene glycol cthers, through their metabolites, produce
pancytopenia. In contrast, higher molecular weight ethylene-based molecules, through their
metabolites, produce a compensatory haemolysis of peripheral red blood cells to which humans
are resistant. Propylene-based glycol ethers have no haematological actions.

2.3.2 Testes

EGME, EGEE and their acetates adversely affect spermatogenesis. There is an increasing
database suggesting that DEGDME and EGDME, and toa limited extent DEGME, may also
produce similar effects. Leydig cells, responsible for testosterone production, arc not affected.
These testicular effects require the formation of MAA or EAA.

MAA 1is a potent testicular toxicant in rats (Miller er a/, 1982b). The testicular atrophy is
characterised by decreased testes weight and histological lesions showing apoptosis and
degencration of the germinal epithclium in the seminiferous tubules with aspecific impact on
pachytenic and subsequently also on other stages ofthe spermatogenic cycle (Sections 4.1.4.3
and 4.8.4.3). At higher doses or prolonged exposureall stages of spermatogenesis may be
adversely affected.

Comparative studies indicate that EGME isthe most potent glycol cther inducing testicular
toxicity. Lesions were observed inrats, mice and rabbits following all routes of exposure (oral,
dermal or inhalation). The most sensitive species is considered to be the rabbit, with a minimum
effect level of 30 ppm EGME vapour (95 mg/m’) over 90 days (Miller er al, 1982a, 1983a). For
DEGDME vapour, exposure to 98 ppm (550 mg/m’) was a minimum effect level in male rats (Du
Pont, 1988b).

A range of simple physiological compounds (such as serine, acetate, sarcosine, glycine, and
D-glucose) administered concurrently with EGME reduced or prevented the degenerative
changes in the testes. Itis hypothesised that MAA may interfere with one-carbon unit pathways
and that these "antagonists" can donate a carbon unit that may beused inpurine nucleotide
biosynthesis. Reduced availability of bases might predominantly affect late stage pachytene
spermatocytes, which are known to be undergoing rapid RNA synthesis (Mebus and Welsch,
1989). Co-administration of serine enantiomers may provide protection against EGME induced
teratogenesis in mice (Clarke ef al, 1991a).
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2.3.3 Kidney

A number of studies with cthylene and propylene glycol ethers have reported adverse effects on
the kidneys. In general, effects were confined to the high dose and in the presence of other signs
of toxicity such as reduced weight gain. There are two distinct effects: those exacerbated through
the metabolite, mono-cthylene glycol (MEG) and, secondly, a male rat-specific nephropathy.

MEG is a potential metabolite of ethylene glycol ethers as shown in the case of EGME. MEG is
more nephrotoxic in dogs, rabbits and humans than in mice and rats. This has to be taken into
account for glycol ethers exerting low systemic toxicity but which are potentially metabolised to
MEG. The metabolic pathways of EGBE have been clearly clucidated, which shows that, in
addition to BAA also some metabolic transformation to MEG potentially occurs. Thus,
subsequent oxaluria (excess of calcium oxalate in urine) may be regarded as an additional
candidate for biomonitoring in humans.

Male rats treated with DPGEE showed some hyaline droplet formation in the proximal tubule
cells (BP, 1990b). Elevated deposition of ou,-globulin and cell proliferation were also seen in the
kidneys of male rats exposed to 2PGIME (11,200 mg/m’) (Cieszlak er al, 1996a; Spencer et al,
2002) and PGTBE (Doi et al,2004; NTP, 2004). This male rat-specific kidney response is not
relevant to human hazard assessment (US-EPA, 1991).

2.3.4 Liver

Repeated-dose studies have occasionally reported histological changes inthe liver, including
cloudy swelling and centrilobular enlargement (e.g. EGEE, TEGME). Chronic exposure to
EGBE, 2PGIME and PGTBE produced a centrilobular hypertrophy in mice. These effects are
more representative for adaptive phenomena and enzyme induction than cytotoxicity.

Elevated liver weights at high-doses have been also reported following exposure to EGBE or
propylene glycol mono-alkyl ethers. The increased weight is considered to be reversible,
reflecting an adaptive metabolic response rather than a specific organ toxicity asjudged by an
expert panel within the US-National Toxicology Program study on EGBE (NTP, 2000). The total
incidence of hepatic tumours (adenoma and carcinoma) in mice was not altered following lifetime
exposure to EGBE, but there was an indication of a progression from hepato-adenoma to
carcinoma in males, which may reflect oxidative stress.
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2.3.5 Lymphatic tissue and immunotoxicity

Toxicity to lymphoid organs and tissues, including pronounced thymus weight reduction, has
been reported following repeated exposure of laboratory animals to EGME, DEGDME and
DEGME, and to the metabolite MAA (rats more than mice). Similarly pronounced effects have
not been reported in comparable tests for other ethylene or propylene glycol ethers. A
comparative 28-d drinking water study with EGME and EGBE inrats (Exon efa/, 1991) found
that EGME, but not EGBE, caused adose-related reduction inthymus weight. Microscopic
examination confirmed overall atrophy and loss of the clear demarcation between the cortex and
medulla within the thymus lobules in high dose animals (approximately 600 mg/kgbw/d). Similar
cffects have been reported also in rabbits exposed to EGME vapour and in mice following oral
administration.

Specific antibody reduction and a dose related increase ofnatural killer (NK) cell cytotoxic
activity has been reported for rats after administration of EGME and its metabolite MAA. Inbred
Lewis rats were a particularly sensitive strain. The immunotoxicity of EGME was reduced in the
presence of the alcohol dehydrogenase (ADH) inhibitor 4-methylpyrazole, suggesting that MAA
1s a prerequisite for immunotoxicity of EGME (Smialowicz, 1996).

The decreases in humoral immune responses and increases in cell-mediated responses may have
contributed to the observed anti-tumour effects of EGME in tumour inoculation experiments and
of EGEE seen ina 2-year study. Onthe other hand, EGEE, EGEEA, and the metabolite EAA
showed no immunotoxicity using the same test protocol as for EGME and MAA (Smialowicz ef
al, 1991a,b, 1992; Riddle eral, 1992). DEGME was also devoid of such effects in this protocol
but has been reported to cause lymphocyte depletion of the thymus following oral administration
0f2,000 mg/kgbw/d for up to 20 days (Kawamoto ez al/, 1990a).

EGBE has been reported to cause decreased thymus weights or thymic atrophy in some studies
that have used high doses. However, no consistent effects on white cells have been reported and
the recorded responses could also be secondary or stress-induced effects in the sequel of the RBC
haemolysis following administration of EGBE. It has also been reported that the large number of
immature erythrocytes that appear in the blood following EGBE administration can affect WBC
counts (Ghanayem ef al, 1987a). EGBE had no effect on immunoglobulin class G (IgG) antibody
production or primary antibody response, delayed type hypersensitivity, cytokine production or
splenocyte numbers (Exon efal, 1991; Smialowicz etal, 1992). The proliferative activity of
guinea pig lymphocytes in vitro was not affected by non-cytotoxic doses of EGBE (2 mmol/l) or
its metabolite BAA (1 mmol/l) (Unilever, 1990).

IPG2MEA caused some thymic atrophy in rats at inhalation exposure to 2,800 ppm
(15,400 mg/m*) for 4 weeks (BASF, 1984d; Ma-Hock er al, 2005). However, since the metabolite
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2-MPA s excreted slower inrabbits than in rats and rabbit studies onthis endpoint are not
available, a final assessment is not possible.

On balance, with the exception of those glycol ethers that may produce MAA, the large number
of other glycol cthers investigated in subacute/subchronic studies are not considered to be
specifically immunotoxic.

2.3.6 Neurological effects

Reversible neurological effects have been reported in humans with EGME, which appear to be
typical and most likely mediated by MAA (Section 4.1.5.2). Inrats exposed to 400 to 500 ppm
EGME (1,270 - 1,580 mg/n?) for 7 days, an inhibition ofthe avoidance-escape response and
impairment of hind limb motor function was observed. This behavioural change is different to the
transient CNS depression, which results from inhalation of other organic solvents (Goldberg er a/,
1962; Savolainen, 1980).

TEGME produced no adverse neurological effects ina 90-day drinking water study in male and
female rats that was specifically designed to study neurological cffects at nominal doses of 0,
400, 1,200 or 4,000 mg/kgbw/d (Gill and Negley, 1990).

Neurological effects have not been systematically examined for other glycol ethers, although the
large number of subacute/subchronic studies do not indicate that these materials in general
produce adverse effects on nervous tissue. At high, sublethal doses, a reversible CNS depression
was seen, which is a general feature of solvent toxicity.

2.4 Genotoxicity and cell transformation

There arc some reports with positive findings in genotoxicity assays with ethylene-based glycol
cthers, which are detailed below. However, the majority of studies undertaken with the ethylene-
based chemicals is negative, demonstrating an overall lack of genotoxicity. Studies on the
propylene- based glycol ethers do not indicate a genotoxic potential.

EGME studies in a wide range of in vitro and in vivo tests do not indicate significant genotoxic
potential for this material. A few studies have produced cffects and these are mentioned in
Section 4.1.4.4.

Results of numerous in vitro and in vivo assays have shown that EGBE is non-genotoxic. A few
studies have found effects and these are summarised in Section 4.21.4.4. Reviews by Elliot and
Ashby (1997) as well as by the US-NTP (2000) have concluded that EGBE is non-mutagenic.
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For DEGBE, a dose-related increase in mutation frequency in the mouse lymphoma cell assay in
the absence of metabolic activation has been reported; no effect was seen inthe presence of
metabolic activation (Thompson efal, 1984). However, in view of the level of response and the
uniformly negative results from a number of other genotoxicity assays (Thompson eral 1984;
Unilever, 1984c.d; Zeiger et al, 1992; Gollapudi er al, 1993), this isolated result does not indicate
that DEGBE represents a significant genotoxic hazard for mammals.

DEGDME has been associated with a marginal increase in the number of recessive lethal
mutations in Drosophila melanogaster. However, other genotoxicity tests were negative and the
Drosophila data are not considered to indicate that DEGDME represents a significant genotoxic
hazard for mammalian species (McGregor ef al, 1983).

Administration of DEGDME has been associated with reduced fertility inrats and abnormal
sperm head morphology; there was an equivocal dominant lethal response (McGregor efal,
1983). Itis probable that the adverse in vivo effects of DEGDME administration are due to
testicular toxicity rather than genotoxicity.

2.4.1 Evaluation

Most of the glycol cthers that have been assessed were tested in Salmonella typhimurium (Ames
test); whilst the test protocols were not always to current standards, none of the studies indicated
a mutagenic potential. Also the vast majority of other genotoxicity assays with glycol ethers have
not reported any mutagenic activity.

The occasional positive genotoxicity results are not considered to indicate a significant genotoxic
hazard for these glycol ethers. Reported positive findings were generally either obtained with
non-validated methods or were isolated findings that could not be confirmed with validated test
systems.

2.5 Chronic toxicity and carcinogenicity

Lifetime studies with EGBE (NTP, 2000), 2PGIME (Spencer ef al, 2002) and PGTBE (Dot et al,
2004; NTP, 2004) have been conducted inrats and mice. A study with EGEE has also been
undertaken although histopathology data were not reported, thus limiting its utility (Melnick,
1984).

Rats were exposed to EGBE by inhalation at31.2, 62.5 or 125 ppm (153, 307 or 614 mg/m’),
while mice were exposed at 62.5, 125 or 250 ppm (307, 614 or 1,230 mg/m’). Significant
haematological effects were reported, in both species, consisting of a concentration-dependent

ECETOC TR No. 95 25

Freedom_0001156_0030



The Toxicology of Glycol Ethers and its Relevance to Man

compensatory anaemia resulting from RBC haemolysis and present at3, 6 and 12 months of
exposure. Treatment-related non-ncoplastic lesions were reported in the olfactory epithelium
(hyaline degeneration inrats at all doses) and spleen at 125 ppm in both species. A dose-related
increase in Kupffer-cell pigmentation was present in livers of all exposed animals. Female
animals were more affected than males for both species. In female rats exposed to 125 ppm,
benign or malignant phacochromocytomas ofthe adrenal glands were not statistically increased
but exceeded the historic control range (NTP, 2000).

In mice, significant non-neoplastic lesions were present in the bone marrow, olfactory and
respiratory epithelia, and the urogenital system. Ulcers and epithelial hyperplasia of the
forestomach were present in mice with effects more severe in females. In female mice at
250 ppm, the incidence of combined squamous-cell papilloma of the forestomach was increased,
and a single case of forestomach carcinoma occurred. This forestomach finding is associated with
prolonged, exposure-induced, irritation leading to hyperplasia and papilloma formation. Liver
neoplasms (in particular haemangiosarcoma) were observed in male mice but not female mice
(NTP, 2000). Subsequent research indicates that this tumorigenic response islikely tobe a
consequence of oxidative stress subsequent to RBC haemolysis and haemosiderin deposition in
the liver (Boatman et a/, 2004).

Inhalation studies with 2PGIME vapour were undertaken inrats and mice, both exposed to 0,
300, 1,000 or 3,000 ppm (0, 1,125, 3,745 or 11,250 mg/m°) for 2 years, to characterise its chronic
toxicity/carcinogenicity. Primary treatment-related effects included: initial sedation of animals
exposed to 3,000 ppm; eclevated mortality in high-exposure male rats and mice; elevated
deposition of oy,-globulin and associated nephropathy in male rat kidneys and increased
occurrence/severity of eosinophilic foci of altered hepatocytes in male rats. No toxicologically
relevant, statistically significant increases in ne oplasia occurred in either species. A numerical
increase in the incidence of kidney adenomas occurred in intermediate-exposure male rats;
however, the association with a;,-globulin nephropathy, a male rat specific effect, indicated a
lack of relevance for human risk assessment (Spencer et a/, 2002).

Inhalation studies with PGTBE have been conducted in rats and mice exposed to 0, 75, 300 and
1,200 ppm (0, 410, 1,650, 6,600 mg/m?) for 2 years. Survival, haematology and clinical chemistry
were unaffected and decreases in body weight occurred in both species at the top dose. Clinical
signs were observed in mice at 1,200 ppm. The main target organs were the liver and kidney.
Liver adenomas were increased in male rats: the incidence of hepatocellular adenoma/carcinoma
increased in top dose male and female mice. Renal tubular degenerations were seen in male rats
in all dose groups, with accompanying increases in oy,-globulin. Marginal increases in the
incidences of renal tumours were reported at 300 and 1,200 ppm in male rats (Doi er al, 2004;
NTP, 2004).
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EGEE administered by gavage to rats and mice at dose levels of 0, 500, 1,000 or 2,000 mg/kgbw
for 103 weeks produced a high mortality at the highest dose, probably associated with stomach
ulceration and this top dose group was terminated after 18 weeks. Testicular atrophy was
observed in mice dosed with 1,000 and 2,000 mg/kgbw. Enlargement of the adrenals and
reductions in spontancous gross lesions of the spleen, pituitary and testes compared to controls
were seen at 500 and 1,000 mg/kgbw. Chronic treatment with EGEE also caused a decrease in the
incidences of enlarged spleens and pituitaries and of subcutancous (s.c.) masses in the mammary
gland region inthe aging female rats. Histopathology data are not published for this study,
although there was no increase in tumour incidence reported for treated groups (Melnick, 1984).
Studies with EGEE did not show leukaemogenic potential (Dieter, 1990).

2.5.1 Evaluation

In conclusion, the six recent studies with glycol ethers have shown some evidence of tumour
formation in rats and mice. The predominant mode of action of EGBE is to produce haemolysis,
which has resulted in oxidative stress in mouse liver that can berelated to haemangiosarcoma.
The mouse forestomach response is secondary to a local irritative effect. The four studies with the
propylene glycol ethers, 2PGIME and PGTBE produced male rat specific nephropathy with a
low level ofrelated renal tumours. PGTBE also caused anincrease inliver hypertrophy and
tumours, probably secondary to metabolic adaptation. Each of the tumour responses scen in rats
or mice has a mechanism that is either species-specific or reflects a mode of action to which
humans are resistant. IARC (2004) concluded that EGBE and PGTBE are not classifiable as to
their carcinogenicity to humans (Group 3)on the basis oflimited evidence in experimental
animals and inadequate evidence in humans.

2.6 Reproductive and developmental toxicity

Several glycol ethers have been evaluated for potential effects on fertility and the developing
offspring, with a significant structure-activity relationship emerging. The relationship between
structure and reproductive or developmental toxicity of the glycol ethers and their acetates
follows the broad principles established for other toxicity endpoints. Oxidation to the respective
alkoxyacetic acid is a prerequisite for the expression of both developmental toxicity and testicular
atrophy, thus secondary propylene glycol ethers are not toxic. Furthermore, the potency of the
toxic glycol ethers decreases as the lengths of the alkyl and alkoxy chains increase; EGME and
MAA are the most potent.

EGME, EGMEA, EGEE, EGEEA, EGDME, EGDEE, DEGME, DEGDME, TEGDME,
IPG2ME, and 1PG2MEA have all been shown to cause developmental toxicity, with EGME and
EGMEA being the most potent. EGMEA, EGEEA, and 1PG2MEA have asimilar degree of
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developmental toxicity (both qualitatively and, on a molar basis, quantitatively) as the respective
glycol ethers, underlining their rapid de-acetylation. Ethylene glycol ethers with alkyl chains of
three or more carbon atoms, and propylene glycol ethers other than 1PG2ME and its acetate, do
not express developmental toxicity.

The pattern of developmental effects ina number of species is characterised by a range of
structural anomalies (affecting the development of the cardiovascular system, CNS and urogenital
system, as well asthe skeleton), with foetotoxicity and embryo lethality occurring at higher
doses. In the case of the ethylene glycol methyl ethers EGME (and EGMEA), EGDME, DEGME,
DEGDME and TEGDME, the developmental effects are mediated by the common metabolite
MAA, a conclusion that is supported by the commonality of the effects elicited, and the
relationship between potency and conversion to the acid and the developmental toxicity of MAA
itself.

Effects upon fertility are largely related to testicular atrophy, characterised by selective
degencration of pachytenic spermatocytes in rodents. As with developmental toxicity, EGME and
EGMEA are the most potent of the ethylenc glycol ethers, and the effects are all mediated via
conversion to MAA. However, the effects of treatment upon the testis generally appear to be
reversible on cessation of exposure.

2.6.1 Evaluation

In summary, those glycol ecthers that can be metabolised tothe low-molecular-weight alkoxy
acids can cause developmental effects in animals. Metabolites of the higher molecular weight
glycol ethers, such as EGBE, donot produce developmental toxicity. The testicular toxicity of
MAA and EAA will alter fertility and, in the absence of these testicular effects, no reproductive
toxicity is associated with glycol ethers.

2.7 Absorption, distribution, metabolism and elimination

2.7.1 Absorption and distribution

Glycol ethers and their acetates are readily absorbed following oral administration or inhalation.
Dermal absorption is also an important exposure route; penetration rates in human epidermis in
vitro have shown a rank order for liquid contact: EGME > 2PGIME > EGEEA > EGEE >
EGBE > DEGME > DEGEE > DEGBE (Dugard eta/, 1984). For EGBE, dermal uptake may
account for about 75% of the total systemic exposure in humans during whole-body exposure to
EGBE vapour (Johanson and Boman, 1991). Further work provided alower estimate of 15 to
27% of'total systemic exposure through dermal uptake (Corley eral, 1997) are necessary to
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establish total systemic burden arising from dermal exposure to EGBE vapour and to assess the
implications for occupational exposure.

Once absorbed, glycol ethers are readily distributed throughout the body; no substantial
accumulation of the parent compound has been observed. However, the alkoxyacetic acid
metabolites of EGME (MAA) and EGEE (EAA) have shown evidence of accumulation in
animals and humans (Scott eral, 1989; Groesencken efal, 1989ab; Ghanayem eral, 1990;
Medinsky et al, 1990); in contrast, the metabolite of EGBE (BAA; half-life of elimination 5.77 h)
shows no evidence of significant accumulation (Johanson et a/, 1986a).

2.7.2 Metabolism and elimination

Glycol ecthers follow two main oxidative pathways of metabolism, either via ADH or the
microsomal CYP mixed function oxidase (MFO) (O-demethylation or O-dealkylation). The first
pathway gives risc to the formation and excretion of alkoxyacetic acids. The second mainly leads
to the production and exhalation of carbon dioxide (CO;) via ethylene glycol (MEG) or propylene
glycol, which enter intermediary metabolism via the tricarboxylic acid (TCA) cycle. In addition
to these two pathways, conjugation with sulphate, glucuronic acid or glycine has also been
reported.

Glycol ether acetates are rapidly hydrolysed in vivo to the parent glycol ethers by plasma
esterases; this is consistent with the view that the metabolism of the acetates is similar to that of
the parent glycol ether.

According to their pathways of metabolism, the glycol ethers may be divided into three groups:

» Ethylene glycol mono- and di-alkyl ethers and their acetates;
* dicthylene glycol mono- and di-alkyl ethers and their acetates;
» propylene glycol ethers.

Mono-ethylene glycol ethers

All mono-cthylene glycol ethers bearing a primary OH-group (alkoxyethanols) are primary
alcohols that are oxidised via ADH and aldehyde dehydrogenase (ALDH) to their corresponding
alkoxyacetic acids. Thus, for example, EGME and EGEE, and their corresponding acetates, are
predominantly metabolised to MAA and EAA; EGBE is metabolised to BAA (Figure 1, starting
at centre). It is noted that mono-propylene glycol mono-alkyl ethers with a primary OH function
(n-alkoxypropanols) follow similar pathways yielding alkoxypropionic acid (Figure 3) (this
section, below).
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Figure 1: Metabolic pathways of mono-ethylen e glycol mono-alkyl ethers (alkoxyethanols) °
and mono-ethylene glycol di-alkyl ethers ®
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The toxicity profiles of these acids are very similar to their parent compounds. Investigations in
vivo and in vitro have shown that nearly all effects of this group of glycol ethers arc mediated by
these metabolites. The only exception, so far, is PhAA that appears to be less haemolytic in vitro
than the parent substance EGPhE. In the case of EGBE and EGPE (i- and »-) it was shown that
the parent compounds are practically devoid of haemolytic activity. Itis the bioavailability of
MAA and EAA (in terms of peak concentration and area under the curve [AUC]) that determines
the myelotoxic, spermatotoxic and developmentally toxic propertics of EGME and EGEE.
Likewise, the same appears to be true for 2-MPA as the active metabolite of IPG2ME.
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The bioavailability of these metabolites depends largely on the dose but also the metabolic rate
and species. There is evidence that MAA, and toa lesser extent also EAA, are fairly slowly
excreted and that the excretion rates appear to be slower in larger organisms (such as rabbits or
primates) than inrats and mice. This slow excretion rate is presumably the major reason why
IPG2ME and thus 2-MPA arec more teratogenic in rabbits than in rats.

To some extentt MAA undergoes further metabolism. The identification of
2-methoxy-N-acetylglycine in the urine of EGME-exposed mice indicates that MAA may bind to
coenzyme A (Mebus ef al, 1992) and is incorporated into the intermediary metabolism. Sumner ef
al (1991, 1992) identified several metabolites after entry of the reactive thio-ester into common
cellular pathways (TCA cycle; fatty acid biosynthesis). Though MAA is not overtly cytotoxic, the
pattern of in vivo effects indicated that atleast specific target cells may be affected, either by
interference with the energy metabolism in the TCA-cycle as a "false substrate” and/or a reduced
availability of small carbon units necessary for purine and pyrimidine nucleotide synthesis. Such
mechanisms might be expected to disrupt cell proliferation and normal differentiation in critical
stages, but the precise mechanism remains to be elucidated. Interestingly, simple physiological
compounds (e.g. serine, formate and acetate) that may be introduced into the TCA cycle or
tetrahydrofolate (THF) metabolism are able to protect against EGME/MAA-induced
malformations and testicular lesions (Welsch ez a/, 1987; Mebus and Welsch, 1989; Mebus e a/,
1992; Clarke et al, 1991a).

In addition to ADH-mediated oxidation of glycol ethers bearing aprimary alcohol function,
microsomal oxidation (catalysed by CYP MFO: O-demethylation or O-dealkylation) may also
occur in male rats (Medinsky eral, 1990) or in pregnant mice (Clarke er a/, 1991b) and lead to
cleavage ofthe ether bond (Figure 1). This pathway has arather low capacity and may be
saturated but possibly also induced by repeated administrations. Ata single dose of 5 mg/kgbw
1.v., approximately 30% of EGME underwent oxidative cleavage to MEG; with a high single or
repeated (and teratogenic) dose of EGME (100 mg/kgbw and above) only afew percent was
metabolised by this route (Clarke ef al, 1991b; Sabourin et a/, 1992b). Though MEG itself exerts
some developmental toxicity inrodents at high doses (= 500 mg/kgbw/d) (Price et al, 1985; Tyl
et al, 1988), this pathway has no significance for the developmental and other typical effects of
EGME.

Alkoxyacetic and alkoxypropionic acids are the most relevant biomonitoring parameters in
exposed humans (Section 3.1.4.1). MAA was the major urinary metabolite in human volunteers
exposed to 16 mg EGME/m® (5 ppm) (Groesencken ef al, 1989a; Scott er al, 1989). Some
investigations showed that MAA and EAA concentrations in exposed individuals have a tendency
to increase over the course ofa working week and decrease to some extent over the weekend.
This is consistent with the respective half-lives of elimination of 77.1 (Groesencken er a/, 1989a)
and 24 hours (Groesencken er al, 1986a, 1987a).
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Di-ethylene glycol ethers

Diethylene glycol ethers being etherified at only one OH function (alkoxy-ethoxy-cthanols) such
as DEGME, may undergo a low level formation of ether cleavage and formation of alkoxyacetic
acids such as MAA (Figure 2, centre). DEGME is a weak developmental and testicular toxicant
that may act via such a mechanism. DEGEE has not shown these effects.

Figure 2: Metabolic pathways of diethylene glycol mono-alkyl ethers (alkoxy-ethoxy-
ethanols) ° and diethylene glycol di-alkyl ethers ®
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Glycol ethers with both alcohol groups etherified (so-called glymes) may undergo oxidative ether
cleavage to the mono-etherified compounds and alkoxy acids (upper right in Figure 1 for mono-
ethylene glycol dialkyl ethers; Figure 2 for diethylene glycol dialkyl ethers). This process appears
to be much dependent on metabolic status and has a higher capacity following enzyme induction;
thus itis facilitated either by repeated administration or by co-administration of other enzyme
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inducers. The propensity to produce MAA after oxidative cleavage is the reason why EGDME
and DEGDME are developmental and testicular toxicants; MAA is the main metabolite. EGDEE
and DEGDEE did not cause selective testicular or developmental toxicity in rats, mice or rabbits
though one would expect the formation of EAA. This could be due to EAA having a 5-fold lower
developmental and testicular toxicity as EGME /MAA. Dipropylene glycol dialkyl ethers are
presumed to be metabolised by similar pathways .

Propylene glycol ethers

Mono-propylene glycol mono-alkyl ethers etherified at the primary carbon (sec-alkoxypropanols)
are secondary alcohols that cannot be metabolised to alkoxypropionic acids (Figure 3). These
compounds are either renally excreted after conjugation or, to some extent may form ketones that
may enter the intermediary metabolism via the TCA cycle, eventually to CO,. Propylene-based
glymes may apparently bond to the formation of B-isomers (and 2-MPA and homologues). Also
di- and tri-propylene glycol ethers such as DPGME and TPGME contain four or more isomers
and are theoretically capable of forming 2-MPA, but metabolism studies have shown that this
does not occur ata toxicologically hazardous level. The main metabolic route is therefore via
dealkylation. The parent compound, DPGME, dipropylene glycol and the sulphates and
glucuronides of DPGME have been identified as main urinary metabolites (Calhoun et al,
1986a,b; Miller, 1987).

Figure 3: Metabolic pathways of propylene glycol mono-alky! ethers with primary ether bond °
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Mono-propylene glycol mono-alkyl ethers etherified at the secondary carbon (n-alkoxypropanols)
are again primary alcohols, that can be oxidised via ADH to their corresponding alkoxypropionic
acids (Figure 4), then following similar pathways asin Figure 1. Thus, for example, IPG2ME
(the primary or f-isomer) and its acetate are oxidised to 2-MPA.

Figure 4: Initial metabolic pathways of propylene glycol ethers with secondary ether bond *°
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2.7.3 Summary and conclusions

Glycol ethers and their acetates are readily absorbed following oral administration or inhalation.
Dermal absorption is also an important exposure route. Once absorbed, glycol ethers are readily
distributed throughout the body; no substantial accumulation ofthe parent compound has been
observed.

The above considerations on metabolism and elimination allow the following generalisations to
be made:

1. Compounds capable of giving rise to EGME, EGEE and/or their corresponding alkoxyacetic
acids (MAA and EAA) exhibit bone marrow depression, and characteristic developmental,
testicular and immunological toxicity. Realisation of this potential depends on the extent of
formation and retention of the alkoxy acid metabolites.

2. EGDME and EGDEE are potent developmental toxicants which probably act via the
formation of EGME (EGEE) and then MAA (EAA).

3. DEGME and DEGDME are also developmental toxicants in rats and mice, but only at high
doses; this may be explained by the low level of EGME and MAA formed.

4. DEGEE and DEGDEE give rise to low levels of EGEE and EAA, but neither compound
caused selective developmental toxicity inrats, mice or rabbits; DEGEE had no effect on
fertility. This 1s plausible in view of the 5-fold lower developmental toxicity of EGEE/EAA
compared to EGME/MAA.

5. Propylene glycol ethers with the ether bond onthe primary carbon (2PGIME, 2PGIEE,
2PGI1BE, 2PGIPhE) are secondary alcohols that are primarily metabolised to CO,; they do
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not form alkoxy propionic acids and have not been found to cause selective developmental
toxicity.

6. Propylene glycol ethers with the ether bond on the secondary carbon (1PG2ME) are primary
alcohols and are predominantly metabolised to 2-MPA. Itis presumed that 2-MPA is the
developmentally toxic metabolite derived from 1PG2ME.

7. DPGME and TPGME are potentially capable of forming 2-MPA, but metabolism studies
have not identified this material in rat urine.

8. Following extensive physiological-based pharmacokinetic (PBPK) modelling of EGBE
(Section 4.21.4.7), it was shown that humans do not produce BAA at a faster rate than rats
nor do they excrete BAA at a slower rate. Thus, there are no indications of accumulation of
BAA in humans. The resistance of human erythrocytes to BAA (in contrast to rodents),
therefore, is not considered to be related to a kinetic difference, but to a difference in terms
of toxicodynamics and species susceptibility at the cellular level.

9. Glycol ether acetates (esters) are rapidly hydrolysed to their corresponding parent glycol
cthers.

2.8 Cardiac sensitisation

Cardiac sensitisation, linked to an increased responsiveness of the heart to the arrythmogenic
cffects of endogenous catecholamines, has been reported following inhalation ofa number of
organic solvents (Boon, 1987; Kristensen, 1989). In humans, the condition may be fatal and
occurs following deliberate solvent abuse or accide ntal over-exposure to aliphatic, aromatic or
chlorinated solvents (Kristensen, 1989). The underlying mechanism(s) of cardiac sensitisation
has not been well elucidated (Baskin, 1995).

A literature search did not reveal any references to published data implicating glycol ethers in
cardiac sensitisation (Copestake, 2002).

2.9 Neurotoxicity

EGME has been well recognised for effects onthe central and peripheral nervous systems in
humans. No such effects have been reported for EGEE or other glycol ethers. The only exception
appears to be a single communication on EGPhE, suggesting peripheral nerve effects in humans
after high dermal exposures (Morton, 1990) (Section 3.2.2), but this report has anumber of
confounding factors (Schmuck et a/, 2000).

EGME (and EGDME) caused behavioural effects in an animal experiment in which inhalation
exposure at fairly low levels inhibited active avoidance behaviour in trained rats (Goldberg ef al,
1964).
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No other glycol ether has shown neurological or behavioural effects as far as investigated in
specifically designed studies or in the course of normal subchronic studies.
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3. HUMAN EXPOSURE AND HEALTH EFFECTS

3.1 Human exposure

The main routes of human exposure to glycol ethers and their acetates are through inhalation
and/or the skin. Dermal exposure may occur as a resu